Calcium alginate (CaAlg) hydrogel filtration membrane was prepared using urea as pore-forming agent. The effects of preparation and operating conditions on the removal rate of Cd 2þ were researched. The removal mechanism of Cd 2þ and the anti-fouling property of CaAlg membrane were investigated. The removal rate of the CaAlg filtration membrane reached over 99.5% within 120 min when 20 mg/L Cd 2þ was used, and the flux was 15.5 L/m 2 h at 0.1 MPa when the thickness of the membrane was 0.28 ± 0.08 mm. However, the removal rate of Cd 2þ was below 10.0% when the same concentration Cd 2þ solution was adsorbed by CaAlg membrane with the same size. Energy dispersive spectroscope analysis demonstrated that the removal of Cd 2þ depended on the adsorption and ion exchange of Ca 2þ by Cd 2þ . CaAlg membrane exhibited a higher removal rate for Cd 2þ (almost 100%). It was the filtration process that promoted the adsorption and ion exchange of Cd 2þ in CaAlg hydrogel.
INTRODUCTION
Wastewater has become a global issue due to its pollutants, especially refractory organic compounds and heavy metals ions (Athanasekou et al. ) . Various heavy-metal ions may be a great threat to the natural environment and human health. Among them, cadmium is highly toxic and carcinogenic (Madyiwa et al. ) . Many technologies have been reported to remove cadmium ion from wastewater, such as adsorption (Yan et al. ) , precipitation and coagulation (Muya et al. ) . However, the above methods have been found to be limited by the low efficiency, complex operation or highly pH-dependent process (Xu et al. ) .
Membrane filtration operation has gained popularity in the treatment of wastewater with heavy metal ions due to its high efficiency, convenient operation and without the need for slag disposal and extra chemical injection (Chaudhari & Murthy ). A composite membrane composed of hyperbranched poly(amidoamine) and polysulfone was prepared to remove heavy metal ions from contaminated aqueous media (Han et al. ) . The efficiency of Cd 2þ removal was 51% and the water permeability was 18 L/m 2 h at 1 bar. The removal efficiency of Cd 2þ by the composite membrane was not so high. The mechanism of heavy metal ion removal in a process involving multilayered tubular ultrafiltration and nanofiltration (UF/NF) membranes was investigated by conducting retention experiments in both flow-through and cross-flow modes (Athanasekou et al. ) . The UF/NF membranes were functionalized with alginates to develop hybrid inorganic/ organic materials for continuous wastewater treatment applications. The deposition and stabilization of alginates were carried out via physical (filtration/cross-linking) and chemical (grafting) procedures. The membranes developed by means of the filtration process exhibited a 25-60% enhancement of their Cd 2þ binding capacity. In another report, micellar-enhanced ultrafiltration (MEUF) was used for the removal of heavy metal ions from wastewater (Qu et al. ) . The study combined the technique of MEUF and foam fractionation (FF) to treat the wastewater contaminated with Cd 2þ by using anionic surfactant sodium dodecyl sulfate (SDS) at low critical micelle concentrations. The results showed that MEUF combined with FF could enhance the separation efficiency of Cd 2þ markedly and decrease the concentration of SDS in the effluent. However, the efficiency of membrane processes were hindered by membrane fouling, which was caused by the hydrophobic nature of traditional membrane materials prepared by phase separation (Yan & Xie ; Yu et al. ) .
Many studies have focused on increasing membrane hydrophilicity via physical and chemical strategies such as polymer blending (Xu et (Sioutopoulos et al. ) . Although sodium alginate (NaAlg), as a macromolecular polysaccharide, was usually used to research the fouling of membranes, the calcium alginate (CaAlg) based hydrogel exhibited good hydrophilicity. Under neutral or alkaline conditions, the adsorption of proteins such as bovine serum albumin (BSA) by the CaAlg based hydrogel was very low (Zhao et al. , ) . So CaAlg based hydrogel membrane is expected to perform good anti-fouling properties. In our previous work, a free-standing calcium alginate (CaAlg) hydrogel filtration membrane was prepared using polyethylene glycol as the pore-forming agent (Zhao et al. ) . In another study, calcium alginate/polyacrylamide hydrogel filtration membrane was synthesized using acrylamide as monomer, sodium alginate as matrix, and urea as poreforming agent. The membrane showed good anti-fouling performance (Zhang et al. ) .
Alginate is a kind of natural polymer extracted from different species of brown seaweed and has been used as the adsorbent for the removal of heavy metal ions (Moslem et al. ; Jiao et al. ) . However, it is hard to achieve a high removal rate by using these alginate beads or micro-capsules. In this paper, a free-standing calcium alginate (CaAlg) hydrogel filtration membrane was prepared through Ca 2þ cross-linking of NaAlg using urea as poreforming agent. The anti-fouling property of the membrane was investigated. The effects of preparation conditions of CaAlg filtration membranes and operating conditions on the removal rate of Cd 2þ were also researched. The removal mechanism of the Cd 2þ by the CaAlg filtration membrane was investigated.
MATERIALS AND METHODS

Materials
NaAlg was purchased from Sinopharm Chemical Reagent Co., Ltd (Tianjin, China). Urea and calcium chloride (CaCl 2 ) were provided by Tianjin Guangfu Technology Development Co., Ltd (Tianjin, China). Cadmium nitrate (Cd(NO 3 ) 2 was from Tianjin First Chemical Reagent Company (Tianjin, China). All the above reagents were of AR grade. BSA (M W 67 kDa) was purchased from Lanji of Shanghai Science and Technology Development Company (Shanghai, China). All of the chemicals were used as received without any further purification. Brilliant blue G250 was from Tianjin Umbrella Science & Technology Co., Ltd. Table 1 shows the formula of raw materials and their concentrations for the preparation of CaAlg hydrogel filtration membrane. Different quantities of NaAlg and 0.3124 g urea were dissolved in 20 mL deionized water under magnetic stirring to get the casting solution with the NaAlg concentration of 1.5, 2.0, 2.5, 3.0 and 3.5 wt.%, respectively. The casting solutions with the urea concentration of 0.5, 1.0, 1.5 and 2.0 wt.% respectively were prepared by dissolving different qualities of urea and 0.5128 g NaAlg in 20 mL deionized water. Then, 6 g casting solution was poured on a clean flat glass and unrolled uniformly by a glass rod with winding copper wire at both ends. The diameter of the copper wire was 0.40 mm. Then, the glass was placed in 2.5 wt.% CaCl 2 aqueous solution for cross-linking for 12 h. Finally, the CaAlg filtration membrane was obtained after eluting for 48 h in deionized water to remove urea at 25 W C.
Preparation of CaAlg filtration membrane
Scanning electron microscope characterization
The surface morphologies of CaAlg filtration membrane were observed using a scanning electron microscope (SEM) (S-4800, Hitachi, Japan). The membrane was freezedried and covered with a gold layer before testing. In order to observe the cross-section of membrane, samples were fractured in liquid nitrogen after freeze-drying.
Energy dispersive spectroscope characterization
The CaAlg membranes before and after filtering Cd 2þ solution for 60 min were observed on an energy dispersive spectroscope (EDAX GENESIS 60S, Iraq DAX Co. Ltd, USA). To detect the elements content on the crosssection of the membranes, the samples were fractured in liquid nitrogen after freeze-drying.
Pore size distribution
The pore size distribution of the CaAlg filtration membrane (the membrane was prepared with 2.5% NaAlg and 2.0% urea) was tested by a membrane nano-pore fast analyzer (PDNMR20-015 V, China) in wet form.
Filtration properties
A membrane evaluation device with cross-flow membrane cell was used to measure the filtration properties of the CaAlg filtration membrane (Zhao et al. ) . Figure S1 (Supplementary Material, available with the online version of this paper) shows the schematic diagram of the crossflow equipment. All tests were carried out at 25 ± 1 W C.
The CaAlg filtration membrane was pre-pressurized by deionized water for 30 min at 0.1 MPa operating pressure before data recording. BSA aqueous solution (0.5 g/L) was used for anti-fouling experiments. Most of the literature studies used BSA as the membrane fouling model. A solution containing 20 mg/L Cd 2þ was used to investigate the removal rate of the CaAlg filtration membrane at 0.1 MPa. The concentration of Cd 2þ was tested by an ICP-OES (inductively coupled plasma optical emission spectrometer) (Varian 715-ES, USA) and the removal rate (R) was calculated using Equation (1):
where C p and C f are the ion concentrations of the permeate and feed solution, respectively. The flux (J, L/m 2 h) of pure water or aqueous solution is defined as Equation (2):
where V is permeating volume (L), A is the membrane area (m 2 ), and t is the time (h).
Adsorption of Cd 2þ by CaAlg filtration membranes
A solution containing 95 mL 20 mg/L Cd 2þ was used to investigate the adsorption of the CaAlg filtration membrane. The volume of the Cd 2þ solution was the permeating volume of the CaAlg filtration membrane within 2 h. The CaAlg filtration membrane was prepared with 2.5 wt.% NaAlg and 2.0 wt.% urea and the diameter of the membrane was just the diameter of membrane cell (50.0 mm). The CaAlg filtration membrane was immersed in Cd 2þ solution at room temperature. The concentration of Cd 2þ was tested by the ICP-OES at different time periods and the removal rate of Cd 2þ by static adsorption (R a ) was calculated using Equation (3):
where C 0 and C t are the concentration of Cd 2þ at initial time and time t (min), respectively.
RESULTS AND DISCUSSION
Morphology of CaAlg filtration membranes Figure 1 shows the digital photo and SEM images of the CaAlg filtration membrane. The thickness of the CaAlg filtration membrane was 0.276 mm. The CaAlg hydrogel filtration membrane was translucent because of some pores that reduced the transparency of the CaAlg filtration membrane. Figure 2 shows the pore size distribution of the CaAlg filtration membrane. The CaAlg filtration membrane had a narrow pore size distribution (0.15-3.0 nm) and the average pore size was 1.1 nm. The pores were so small that they could not be seen in the SEM images of the CaAlg filtration membrane (Figure 1(b) ). Some ruffles are formed in the surface SEM image of CaAlg filtration membrane because the water evaporated from the hydrogel membrane.
Anti-fouling properties of CaAlg filtration membrane Figure 3 shows the alternating filtration flux of the CaAlg filtration membrane between pure water and BSA solution. The initial pure water flux (J W0 ) of the CaAlg membrane was 17.66 L/m 2 h. Then the feed solution was switched to 0.5 g/L BSA solution, and the flux was measured. After rinsing the membrane with 1% CaCl 2 solution, the feed solution was changed back to pure water again, and the first recovered water flux (J W1 ) was recorded. The first-round flux recovery rate (FRR1 ¼ J W1 / J W0 ) was 97.14%. After three consecutive BSA filtrations, the FRR still reached 91.3%, indicating that the CaAlg filtration membrane exhibited excellent anti-fouling properties. The CaAlg filtration membrane can retain the pollutant efficiently, but the flux is too low. In our previous work, the limitations of the CaAlg filtration membrane were explained (Zhao et al. ) . The effective filtration layer of the commercial filtration membranes is the dense layer with thickness of about 0.010 mm. However, the CaAlg hydrogel filtration membrane was a homogeneous membrane and the effective filter layer thickness was 0.150-0.300 mm. CaAlg hydrogel membrane may perform better when applied as thin anti-fouling coating (Guo et al. ) . The CaAlg/carboxyl multi-walled carbon nanotubes membrane with a thickness of 0.040-0.050 mm was coated on polyhydroxybutyrate non-woven sheet and the flux reached 32.95 L/m 2 h (Guo et al. ). Figure 4 shows the effect of preparation conditions of CaAlg filtration membranes and operating conditions on the flux and removal rate of Cd 2þ . It is found in Figure 4(a) that the flux of Cd 2þ solution decreased, while the removal rate of Cd 2þ increased with the increasing of NaAlg concentration. With the increasing of NaAlg concentration, the structure of the CaAlg filtration membrane became denser, leading to the decreased flux and increased removal rate of Cd 2þ . When the concentration of NaAlg was 2.5 wt.%, the removal rate of Cd 2þ reached 99.6%, with a flux of 16.5 L/m 2 h at 0.1 MPa. Figure 4(b) showed that the flux of Cd 2þ solution increased, while the removal rate of Cd 2þ declined slightly with the increasing of urea concentration. When urea concentration was 2 wt.%, the removal rate of Cd 2þ was 99.3% and the flux was 17.16 L/m 2 h. The CaAlg hydrogel filtration membranes were NF membranes judging from the pore size distribution data of the CaAlg filtration membrane (Figure 2) . The flux of Cd 2þ solution increased with the increasing of operating pressure. However, the removal rate of Cd 2þ increased in the beginning and then decreased with the increasing of operating pressure. When the pressure was 0.14 MPa, the removal rate of Cd 2þ reached the maximum (99.3%). With the continuous increasing of operating pressure, the flux of the membrane increased but the removal rate of Cd 2þ decreased. When the operating pressure was 0.14 MPa, the removal rate of Cd 2þ reached 99.3% and the flux was 18.53 L/m 2 h. Figure 4(d) shows the effect of operating time on the flux and removal rate of Cd 2þ . Both the flux and the removal rate of Cd 2þ solution decreased gradually with the increasing of operating time. Some holes on the CaAlg filtration membrane deformed due to the constant compression at 0.1 MPa. Although the compressed film could improve the removal rate of Cd 2þ , the removal rate reduced when the CaAlg filtration membrane adsorbed or exchanged enough Cd 2þ .
For all the samples, the CaAlg filtration membrane achieved a high removal rate of Cd 2þ within 120 min. The CaAlg hydrogel filtration membrane exhibited high hydrophobicity and low cost, and can be easily prepared, which provided it with promising application prospects in the removal of heavy metal ions from water. Figure 5 shows the removal rate of Cd 2þ by static adsorption (R a ) of the CaAlg filtration membrane. The volume of the Cd 2þ solution was the permeating volume of CaAlg filtration membrane within 2 h. The diameter of the membrane was just the diameter of the membrane cell (effective filtration area was 50.0 mm). The R a increased significantly when the contact time t increased. The adsorption of Cd 2þ was fast and the adsorption process reached the equilibrium in about 240 min. However, the removal rate of Cd 2þ by static adsorption was below 10.0%. The thickness of the CaAlg filtration membrane was 0.276 mm and it was too thick for the ion exchange of Ca 2þ by Cd 2þ . It is expected that only the surface of the CaAlg filtration membrane adsorbed Cd 2þ .
Removal of Cd 2þ in a mixed solution of Cd 2þ and BSA
The removal rate of Cd 2þ in a mixed solution of Cd 2þ and BSA is presented in Figure 6 . The stable flux of Cd 2þ and BSA solution was 14.8 L/m 2 h and the removal rate of Cd 2þ reached over 98.5% within 200 min. The flux of the mixed solution was a little lower than the flux of Cd 2þ solution (15.5 L/m 2 h). However, the removal rate of Cd 2þ reached 98.75% in the mixed solution of Cd 2þ and BSA, which was a little higher than the removal rate of Cd 2þ (98.49%) when only Cd 2þ was used. It is expected that BSA had little influence on the removal of Cd 2þ in the filtration of CaAlg membrane.
Removal of Cd 2þ by CaAlg filtration membranes with different thickness Figure 7 shows the removal rate of Cd 2þ by CaAlg filtration membranes with different thickness (0.17, 0.28 and 0.36 mm) at different time intervals. The thickness of CaAlg filtration membrane was controlled by changing the diameter of the copper wire. The removal rate of Cd 2þ solution decreased gradually with the increasing of operating time for all the three membranes. The thicker the membrane was, the more the removal rate was. The removal rate of Cd 2þ was only 60.73% after 120 min for the membrane with the thickness of 0.17 mm. However, the removal rate was 87.02% for the membrane with the thickness of 0.36 mm.
Removal mechanism of Cd 2þ by CaAlg filtration membrane
The CaAlg filtration membranes with the thickness of 0.17, 0.28 and 0.36 mm were used to filtrate Brilliant blue G250 according to the literature (Zhao et al. ) .
The results are shown in Figure S2 (Supplementary Material, available with the online version of this paper) and it is found that the removal rate of Brilliant blue G250 almost did not change with the time for all the membranes. The retention is responsible for the removal of Brilliant blue G250. If the retention is responsible for the removal of Cd 2þ , the removal rate should be stable for the membranes with different thickness. In order to prove the Cd 2þ removal mechanism of the CaAlg filtration membrane, the contents of different elements on the relative position before and after filtration are shown in Figure 8 . Five rectangular areas are marked on the membrane in Figure 8(a) . Area 1 and area 5 represented the top surface and bottom surface of the membrane, respectively. It is found that Cd 2þ appeared on the surface of the CaAlg membrane with a high concentration, while the concentration of Ca 2þ on the membrane surface was much lower. The concentration of Cd 2þ dropped rapidly with the increasing of the relative position.
The Cd 2þ removal schematic diagram of the CaAlg filtration membrane is shown in Figure 9 . Figure 9(a) shows the structure of the CaAlg filtration membrane before filtration. The CaAlg filtration membrane was cross-linked by Ca 2þ . In the filtration process, adsorption and ion exchange occurred between Ca 2þ in the CaAlg membrane and the Cd 2þ . The bonding strength between Cd 2þ and alginate is stronger than the strength between Ca 2þ and alginate (Papageorgiou et al. ). The removal of Cd 2þ depended on the adsorption and ion exchange with Ca 2þ . So before the saturated adsorption and ion exchange, the CaAlg filtration membrane has a higher removal rate for Cd 2þ . The thick membrane can adsorb and exchange more Cd 2þ , so the removal rate was higher than the thin membrane at the same time. Compared with CaAlg microspheres or microcapsules, the CaAlg membrane exhibited a higher removal rate for Cd 2þ (almost 100%). It was the filtration process that promoted the adsorption and ion exchange of Cd 2þ in the CaAlg hydrogel.
CONCLUSIONS
CaAlg hydrogel NF membrane was easily prepared using urea as pore-forming agent by the cross-linking of CaCl 2 without producing organic wastewater. The CaAlg filtration membrane exhibited excellent anti-fouling properties. Over 99.5% of Cd 2þ could be removed within 120 min when 20 mg/L Cd 2þ was used, with a stable flux of 15.5 L/m 2 h at 0.1 MPa. However, the removal rate of Cd 2þ was below 10.0% when the same concentration Cd 2þ solution was adsorbed by the CaAlg membrane with the same size. The removal of heavy metal ions by the CaAlg filtration membrane depends on the adsorption and ion exchange with Ca 2þ . The CaAlg hydrogel filtration membrane can be used in the efficient removal of heavy metal ions from water.
